Phage display enables the synthesis, selection and screening of large, polypeptide libraries (>1 × 10 10 ). Selections from such libraries can identify binding partners to essentially any desired target (1, 2). Peptide with affinity or reactivity to small molecule probes are attractive for numerous uses including the targeted, site-specific labeling of proteins. Here, we describe selection and screening protocols for the identification of short peptides that can selectively bind to and/or react with small molecules.
Introduction
Site-specific protein labeling (SSPL) has emerged as a very effective method to study individual proteins within cells, tissues, and living organisms (3) . Recent advances in microscopy have driven the visualization of the spatial and temporal properties of proteins within living cells (4) . Such studies can illuminate both robust cellular processes and temporary functions of cellular proteins (5) . However, all proteins are composed of the same 20 amino acids, and only a few distinctive proteins (e.g., hemoglobin or green fluorescent protein) possess the unique spectral qualities necessary for visualization within the cellular milieu. In the last twenty years, multiple generic site-specific protein labeling techniques have been developed to visualize targeted proteins (6) . However, each of these techniques has inherent limitations, such as the large size of the conjugate protein or the toxicity of the probe. Such limitations must be considered before the labeling technique is implemented, and the consequent compromises inspire improvements to SSPL.
A large toolbox of bioorthogonal labels could allow tailoring of the labeling technique to address the required experimental conditions. This approach contrasts with the current paradigm in which experiments and their interpretation are necessarily filtered through the limitations of the available tools. Additionally, collections of bioorthogonal labels could enable the simultaneous visualization of multiple proteins present within a living cell. For example, multiple proteins could be visualized during either normal or diseased states to provide spatiotemporal insights into protein function and dysfunction. Thus, the discovery of additional bioorthogonal labels is a high priority challenge in chemical biology.
Reactive peptides present an attractive potential source of bioorthogonal labels, provided several conditions can be met. First, such peptides must be not present in the proteome of the experimental system (e.g., human or Drosophila) to prevent background labeling. Second, short peptide lengths are preferred to minimize disruption of the fusion protein.
Ideally, such peptide sequences can strongly bind to or react with specific bioorthogonal functional groups to allow the visualization of many different proteins simultaneously.
Phage display has been used to identify short peptides that react with functional groups (7) . For example, we have recently selected from a phage-displayed peptide library a set of peptides that react with the hydrazide functional group under biological conditions (8) . These selection methods could uncover other short peptide-bioorthogonal reagent pairs to diversify the SSPL toolbox.
In our initial experiments, the hydrazide-reactive peptides reacted covalently, yet inefficiently, with two different hydrazide-based probes. The library design and selection parameters, while successful in selecting hydrazide reactive peptides, likely contributed to the selection of inefficiently reactive peptides. For example, displaying short peptides on the phage major coat protein, P8, can result in many copies of short peptides attached to each phage, as thousands of copies of this coat protein compose the outer surface of the phage. Furthermore, each copy of the P8-displayed peptide can access a large number of low energy conformations. A phage can be selected and amplified on the basis of a relatively minor contribution to the peptide's distribution of conformational states.
Furthermore, peptides with weak binding and/or reactivity can populate the selected sequences unless the selection conditions correct for the multivalency of P8-displayed peptides. We have designed additional selection criteria that address the multivalency of peptides fused to the P8 coat protein of M13 phage to select for efficiently reactive peptides. This selection is termed a negative selection to distinguish it from the more conventional anti-selections, which are described below.
Negative selections remove selectants with fast off-rates, through exchange between ligands in solution and ligands attached to a solid support. In the first step, the phage are incubated with the target in solution. After sufficient time for the reaction to take place, the phage are next transferred to a vessel with the target attached to a solid support. The phage binding strongly to the target will remain in solution, and ignore the solid support-bound target. In this negative selection, only phage that display peptides capable of reacting quickly and irreversibly with the target in solution are propagated for the next round of selection. Phagedisplayed peptides capable of reversible binding, which results in the exchange the initial target for the solid support-bound target, are removed. As an added bonus, the selection condition also removes phage-displayed peptides binding non-specifically to the solid support (e.g., to the polystyrene).
In positive selections, the phage encounter the target functionality attached to a solid support miscible in water (e.g., Tentagel). In addition, we apply extremely stringent washing conditions, such as large volumes of wash solution supplemented with the target, again to remove readily reversible peptide sequences. Such conditions can select for the sequences with the lowest off-rates. As in the negative selection, weakly or reversibly binding peptide sequences are removed from the population of selectants during the positive selection.
Anti-selections remove peptides binding non-specifically to the solid support. The solid support used for the positive selections can be used, if the target functionality is removed or hidden by a protecting group. In anti-selections, the phage remaining in solution or unbound to the solid support are used immediately for a positive selection. In general, a positive selection must follow an anti-selection before propagation of the phage to avoid amplification of phage lacking a displayed peptide on their surface.
To be useful, selectants must retain activity when removed from the surface of the phage, a caveat for all molecular display formats. The small sizes of both reactive peptides and their small molecule ligands adds to this consideration; the composite surface of phage and peptide could provide an artificial binding pocket, which fails to materialize upon removal of the peptide from the phage surface. Dimerization or higher order oligomerization on the phage surface can further complicate this crucial step of recapitulating selectant activity in a non-phage format. An avidity effect could increase the apparent off-rate for the phagedisplayed selectant, but not the resynthesized peptide (9) . Thus, for multiple reasons, peptides displayed with multiple copies per phage could appear to bind the target strongly during phage-based screening, but then bind the target only weakly when removed from the phage surface.
A standard protocol to elute phage displaying peptides or proteins is treatment with an acidic elution buffer to disrupt the interaction between the displayed peptide and the target. However, this approach could have little effect on peptides reacting covalently or chargeindependently with the target. Alternatively, the target can be used to specifically elute phage-displaying peptides; however, such elution conditions can preferentially release the most reversible binding peptides, and miss dislodging peptides with the lowest off-rate. Another method to specifically elute the target-bound phage is proteolysis, but incubation times of six hours or more are typical for many proteases (10) . Preferably, phage should be cleaved from the solid support prior to re-infection and amplification. We have observed successful selections using phage bound to solid phase resin to directly infect E. coli, and reamplify the bound phage.
In our optimized selections for selecting peptides that bind to or react with a small molecule, anti-and positive selections with increasing stringency are used in the 1 st , 2 nd and 4 th rounds of selection. Negative selections are used in the 3 rd and the 5 th rounds (see Figure 1) .
After three to five rounds of selection, the selected peptides should be removed from the phage surface before individual assay to examine their activities. This strategy of removing the peptide from the phage surface addresses the transferability caveat described above. The new format can also identify sequences with binding properties influenced by the phage surface to guide the design of the next generation library.
Ideally, conditions mimicking the intended use of the peptide are used for screening. To assay prospective hydrazide binding peptides, the selected peptides and their variants were synthesized on filter paper using a technique known as spot synthesis (11, 12) . The arrays of peptides were then screened for binding and reactivity with a small fluorescent molecule, rhodamine hydrazide. Since rhodamine hydrazide was not employed during the selections, only those peptides that react with the hydrazide functionality should result in a positive signal in this screen. As illustrated here, a fluorescent spot-synthesis assay produces a strong signal for visualization in a single step assay.
Materials
Prepare all solutions using ultrapure water (18 MΩ at 25 °C).
1. An M13 bacteriophage-displayed peptide library. The preparation and reamplification of phage-displayed peptide libraries with diversities up to 1 × 10 11 has been described previously (13).
2.
A solid phase resin derivatized with a water soluble polymer (e.g., PEG) and the desired functionality (e.g., hydrazide). 
10.
Oliogonucleotide primers that hybridize at least 100 bp before the start of the library peptides, for sequencing and determination of the effective binding peptides.
Methods
Prior to each round of selection, an anti-selection removes non-target binding peptides. The anti-selection consists of all the components used during the selection except the target functionality. Solid-phase resins that swell in water, such as Tentagel (see Note 3), provide a large number of binding opportunities for a random peptide library. Resin binding peptides could dominate the pool of selectants if anti-selections are not integrated into the selection 1 Solid phase resins preferably include a cleavable linker to release the target with its bound phage. However, we found hydrazide Tentagel, which lacks a cleavable linker, to provide an excellent target to select hydrazide binding peptides. No issues were encountered in propagating phage eluted from hydrazide-derivatized Tentagel.
2 The pore size of a sintered glass funnel should be tested to verify that phage can easily flow through the funnel (i.e., by titering both the phage passing through and retained by the sintered glass). Small pore sizes of negatively charged silica could retain unbound phage, and poison the selection conditions with phage selected for the wrong reason. 3 Tentagel, a water-miscible solid support, enables stringent wash steps to remove non-specific binding peptides during positive selections. For example, up to half a liter of different wash buffers were applied to 20 mg of resin during each round of selection.
strategy. A second aliquot of the solid phase resin derivatized with the target functionality is then used in positive selections to isolate phage-displayed peptides with affinity for the target.
Choosing a functional group
The first step of any molecular evolution experiment is selecting the target molecule. Only a narrow range of functionalities are appropriate for site-specific protein labeling within living cells due to the rich set of functional groups found in cellulo. For example, the potential small molecule targets cannot react indiscriminately with any of the natural amino acid side chain functionalities. This criteria excludes aldehydes, maleimides, and many activated esters. Other less obvious, electrophilic functionalities are excluded such as β-lactams; highly hydrophobic functionalities, such as pyrene, also cannot be used due to strong nonspecific binding. Conversely, high stability of the target functionality can be an obstacle to the selection of reactive peptides, which can offer only the naturally occurring amino acid sidechain functionalities for the reaction. For example, in our hands, both azides and alkynes appear indifferent to reactions with random peptide libraries.
In general, electrophilic functionalities are particularly well-suited to sitespecific protein labeling. Proteins generally have abundant nucleophiles available for reaction (6) . For example, we selected peptides with a nucleophile capable of attacking the carbonyl of the hydrazide. Other electrophilic carbonyls with different adjacent leaving groups might be better suited to reactivity with specific peptide sequences.
1.
In the very first step, perform an appropriate binding assay (e.g., a phage-based ELISA) between the target molecule and wild-type phage. This initial experiment should identify and remove from consideration functional groups that are too reactive with random protein functionalities for experiments with phage-displayed peptide libraries. High inherent reactivity, defined as a signal three-times the signal of the background, will result in ineffective selections. Attempting to use functionalities with such high background binding will allow every member of the phage library to react indiscriminately with the target, preventing selection of individual peptide sequences.
Anti-selections of phage-displayed peptide libraries

1.
Equilibrate the solid phase resin in buffer (see Note 4 when using Tentagel).
2. Dilute 1 mL (or an appropriate volume to include 100-copies of each member of the library) of the phage library in PBS. Then add the phage solution to ~20 mg of the target functionality-modified solid support for 1 h with gentle mixing, either by bubbling N 2 gas or a stirring with a small stir bar.
3.
Remove the unbound phage library from the anti-selection, and transfer the library to the sintered glass funnel with the equilibrated target-modified solid support for the positive selection. (A) In the optional wash step, excess acetyl hydrazide selectively elutes weakly bound peptides from the hydrazide Tentagel resin to select for tightly binding peptides still adhered to the resin. (B) In the negative selection described here, pre-incubating the phage library with a dilute solution of acetyl hydrazide, and then applying the reaction mixture to hydrazide Tentagel isolates only those phage in which each copy of the peptide quickly and irreversibly reacts with hydrazide. Rhodamine hydrazide screening of spot-synthesized peptides from optimized selections. The first 17 sequences were identified in the later rounds of the selection conditions described here to isolate highly efficient hydrazide-reacting peptides. Peptides 18, 19, and A-F were identified in other spot synthesis screens as potential hydrazide interacting peptides.
